Mechanical strain triggers a variety of cellular responses, but the underlying process by which mechanical force initiates these responses is not established. Endothelial cells (EC) respond to mechanical strain by upregulating adhesion molecule expression. The signaling process appears to involve reactive oxygen species (ROS), but the site of their generation is unknown. Mitochondria anchor to the actin cytoskeleton and could function as mechanotransducers by releasing ROS in response to cytoskeletal strain. In human umbilical vein EC (HUVEC), ROS production, as measured by DCF fluorescence, increased 221±17% during 6 hr of cyclic strain vs. unstrained controls.
Introduction
Cells in the heart, blood vessels, lungs, digestive system and the musculoskeletal system are responsive to mechanical deformation. Mechanical strain associated with normal tissue activity elicits a wide range of functional responses including altered gene expression, release of signaling molecules, increased expression of cell surface molecules, and altered cytoskeletal organization (21). While many signaling systems become activated in cells subjected to mechanical deformation, the underlying process by which cells translate mechanical forces into biological signals is not fully understood.
In the cardiovascular system, endothelial cells normally experience intermittent or continuous shear stress, and altered blood flow patterns have been implicated in the pathogenesis of cardiovascular diseases including atherosclerosis and aneurysm formation (24, 45). In the lung, endothelial cells experience shear stress as well as mechanical strain associated with cyclic lung inflation and deflation.
Several mechanisms have been proposed to contribute to the mechanotransduction responses in vascular cells. These include flow-sensitive ion channels [Ca 2+ (34) and K + (40)], mechanosensitive kinases (50), and an integrin-cytoskeletal (tensegrity) model (31, 53, 54). Despite evidence to support the involvement of each of these systems, the mechanism responsible for initially triggering the mechanotransduction cascade leading to subsequent changes in gene expression in strained cells has not been identified. Moreover, although specific signaling cascades are activated in response to changes in flow (18, 22, 39) , the relationship between these signaling systems and the upstream sensor(s) has not been established.
Mitochondrial role in mechanotransduction, page 5 of mitochondrial ROS function as signaling messengers responsible for triggering functional responses to hypoxia in diverse cell types (2, 14, 52, 55) . Mitochondria anchor to the cytoskeleton via actin binding complexes in the outer membrane (8) , potentially allowing mechanical strain applied at the plasma membrane to be transmitted to these organelles. The present study tested the hypothesis that endothelial cells detect cyclic strain by transmitting externally applied force via the cytoskeleton to the mitochondria, stimulating an increase in the release of ROS signals to the cytosol. Release of superoxide anion to the cytosol would then be followed by hydrogen peroxide (H 2 O 2 ) generation due to superoxide dismutase activity. We propose that the resulting increase in oxidant signaling is biologically significant, in that it leads to the activation of NF-κB, which then triggers subsequent gene expression. In this study we examined the generation of mitochondrial ROS in response to cyclic strain, and the functional significance of this signaling in terms of its ability to trigger an increase in VCAM-1 (CD 106) transcription and subsequent upregulation of VCAM-1 at the cell surface.
Materials and Methods
Materials. Reagents were obtained from Sigma Chemical Co. except where otherwise noted.
L-nitroarginine (L-NA) was purchased from Calbiochem-Novabiochem Corp. and 2'7'-dichlorofluorescin (DCFH) diacetate was purchased from Molecular Probes. The Flexercell 3000 strain unit and BioFlex culture plates were purchased from Flexcell International Corp.
Cell Culture. Primary culture human umbilical vein endothelial cells (HUVEC; Clonetics)
were grown in endothelial growth media (EGM; Clonetics) and characterized by positive staining for vWF, CD31, and Factor VIII. Cells were grown to 80-100% confluence on collagen I-coated plates for stretch experiments (Bioflex: Flexcell International). Respiration-deficient HUVEC (ρ o cells)
lacking mitochondrial DNA were generated by incubating wild-type cells in ethidium bromide (25 ng/ml) for 2-3 weeks in medium supplemented with pyruvate and uridine (14, 16) . The ρ o cells were then selected by exposing the cultures to mitochondrial inhibitors rotenone (1 µg/ml) and antimycin A
(1 µg/ml), which are lethal to wild-type (WT) EC over the course of seven days. The resulting mutant cells lacked mitochondrial DNA, which encodes critical subunits required for electron transport and ATP synthesis. Respiration-deficient HUVEC were further confirmed by only using those ρ o HUVEC that exhibited a >90% reduction in oxygen consumption as measured using respirometry (data not shown). Cellular respiration was assessed by measuring the rate of decrease in O 2 tension of a stirred suspension of cells in a gas-tight chamber, as described previously (13) . To standardize comparisons between WT and ρ o HUVEC, results were normalized for total protein content as determined by the RNA from HUVEC treated with 10 ng/ml of TNF-α for six hrs was reverse-transcribed and the cDNA was amplified by PCR using a VCAM-1 primer set for 40 cycles. The 700-bp product was purified and used as the probe.
Strained and unstrained HUVEC were harvested after six hrs, and total RNA was isolated.
Northern analysis was performed by loading three to five micrograms of total RNA onto a 2%
agarose/6% formaldehyde gel, electrophoresing, and then transferring onto nylon membranes. After 4-6 hrs of pre-hybridization, membranes were hybridized with 32 P-labeled VCAM-1 cDNA for 16 hrs at 42°C. After washing, the blots were exposed to Kodak-X AR film at -70°C for 24 hrs. All blots were rehybridized with a 28S RNA probe (Ambion).
Electrophoretic Mobility Shift Assay (EMSA).
Nuclear protein extracts were isolated by suspending the cells in Buffer A (10mM HEPES, pH 7.9, 10mM KCl, 0.1mM EDTA, 1mM DTT, 0.5mM PMSF, 1µg/ml leupeptin, 5µg/ml aprotinin) for 15 min on ice. After adding 25µl of 10% NP-40, the cells were subsequently centrifuged at 12,000 RPM for 30 sec. The pellet was then resuspended in Buffer B (20mM HEPES, pH 7.9, 0.4mM NaCl, 1mM EDTA, 1mM DTT, 1mM PMSF, 1µg/ml leupeptin, 5µg/ml aprotinin) for 15 min at 4°C. Samples were prepared according to the instructions of the Gel Shift Assay System (Promega E-3300: catalog # E3521) and were loaded onto 4% polyacrylamide gels and run in 0.5X TBE for 4 hrs at 120V as described previously (9, 23) . The NFkB consensus sequence for the probe was 5' AGTTGAGGGGACTTTCCCAGG 3'.
Cytoskeleton Experiments. Two hrs prior to exposing cells to mechanical strain, HUVEC were pre-incubated in media containing cytochalasin D (0.5 to 10 µM). The lowest concentration that Mitochondrial role in mechanotransduction, page 10 returned strain-induced DCF fluorescence to baseline levels was used for subsequent experiments (5.0 µM for HUVEC). Similar experiments were conducted using nocodazole (1.0 to 10 µg/ml).
Statistical Analysis. The quantitative data acquired from the DCF fluorescence experiments and flow cytometry experiments were subjected to a two-way analysis of variance (ANOVA). After successful screening of the data for nonrandom tendencies, a normal distribution of the data was confirmed via graphical techniques (histogram of residuals, residuals versus normality, and residuals versus fit). When the ANOVA detected a statistically significant difference among groups or with strain, a t-test was conducted to determine if a statistical difference existed between control unstrained cells and control strained cells. Further pairwise t-tests were then conducted in order to identify sources of variance in strained and unstrained groups. The groups of interest were those in which the difference in strained and unstrained cells was abolished. Significance was defined as p<0.05 and all computations were conducted using Minitab software.
Results

ROS signaling during strain.
To assess the source(s) of oxidant production during cyclic strain, confluent HUVEC were incubated with DCFH, which becomes fluorescent (DCF) when oxidized.
After six hrs (Fig. 2a) , increases in DCF fluorescence were noted even in unstrained controls, indicating that some basal oxidant production occurs in quiescent cells. However, the extent of DCFH oxidation was significantly increased in cells subjected to six hrs of strain (221 ± 17%), compared to unstrained controls (p<0.05). This response was attenuated by the mitochondrial Complex I inhibitor rotenone (2 µM) (68 ± 7%), but not by the NADPH oxidase inhibitor apocynin (300 µM) (191 ± 15%), or the xanthine oxidase inhibitor allopurinol (100 µM) (183 ± 27%). Antimycin A inhibits mitochondrial electron transport and increases mitochondrial ROS generation by prolonging the lifetime of ubisemiquinone in Complex III (27). As expected, antimycin A (2µM) increased DCFH oxidation in unstrained cells, but it did not amplify the increase in DCF signal elicited by strain. DPI is a flavoprotein inhibitor that blocks electron transport in a broad range of systems including mitochondrial Complex I, NAD(P)H oxidases, NO synthase, and other systems (35). DPI (5 µM)
virtually abolished the basal oxidation of DCFH in unstrained cells, and significantly attenuated the strain-associated increase in DCF fluorescence compared with controls (75 ± 9%; p<0.05).
Endothelial cells release nitric oxide (NO) in response to shear stress (11) , and NO can potentially contribute to the oxidation of DCFH (43). Therefore, the participation of reactive nitrogen species (RNS) in the response to strain was evaluated by inhibiting NO synthesis with L-NA. In both strained and unstrained cells, L-NA attenuated but did not abolish the DCF fluorescence signal compared with their respective controls. Thus, both ROS and RNS participate in the response to strain, but ROS are primarily responsible for the DCF fluorescence changes.
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To decipher the nature of the reactive molecule(s) produced during cyclic strain, DCF fluorescence was measured in HUVEC in the presence of various intracellular antioxidant compounds (Fig. 2b) . Strain-induced DCF oxidation was diminished by the glutathione peroxidase mimetic ebselen (50 µM) and by N-acetylcysteine (NAC; 1 mM), a thiol reductive agent (p<0.05).
Diethyldithiocarbamate (DDC, 1 mM), an inhibitor of Cu/Zn superoxide dismutase also attenuated the strain-induced increases in DCF fluorescence, as did DIDS (4, 4'-diisothiocyanatostilbene-2, 2'-disulfonate; 100 µM), an anion channel blocker that also acts on the inner mitochondrial membrane anion channel (7) . To clarify the relative roles of NO and H 2 O 2 in this response, free hemoglobin (Hb 5µM) was added to the media in an attempt to scavenge NO. This produced a modest attenuation of the DCF response to strain, suggesting that NO is a minor contributor to the strain-induced oxidant signal in these cells.
To clarify the requirement for mitochondrial electron transport in the response to strain, mutant HUVEC deficient in mitochondrial DNA (ρ 0 cells) were subjected to strain in the presence of DCFH.
The ρ 0 cells lack critical subunits of mitochondrial Complexes I, III, IV and V that are required for electron transport (15) . When compared to their wild-type (WT) counterparts, the DCF signal was attenuated in the ρ 0 cells (43 ± 7% vs. 221 ± 17%; p<0.05, Fig. 2c ). The small residual increase in DCFH oxidation during strain in ρ 0 cells was not decreased by rotenone, but was attenuated by L-NA or DPI (data not shown). Consistent with their lack of an electron transport system, ρ 0 cells failed to increase DCFH oxidation in response to antimycin A. Antioxidants that had attenuated the DCF fluorescence response in WT cells failed to diminish the small residual strain-induced increase in signal in ρ 0 cells (Fig. 2d) . However, addition of Hb did attenuate the small DCF fluorescence response to strain, suggesting that the residual increase in DCF oxidation may be mediated by NO.
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Activation of NF-κB by mitochondrial ROS. Exogenously applied oxidants have been shown to induce activation of NF-κB (6) . We sought to determine whether endogenous oxidant signals generated during strain were biologically significant in terms of their ability to activate NF-κB by a similar mechanism. Electrophoretic mobility shift assays (EMSA) for DNA binding of NF-κB were conducted on nuclear extracts from HUVEC assayed after 15 min of cyclic strain. Compared to unstrained cells, DNA binding by NF-κB was increased in HUVEC (Fig. 3a) . A similar increase was observed in unstrained cells treated with antimycin A to augment mitochondrial ROS generation.
Strain-induced increases in DNA binding of NF-κB were attenuated by rotenone and by DPI. Analysis with antibodies to p65 and p50 confirmed that the active NF-κB in HUVEC treated by cyclic strain or lipopolysaccharide (LPS) consisted of the p65/p50 heterodimer ( Fig. 3a and data not shown). To further implicate ROS in this activation, strained cells were treated with antioxidants and then subjected to 15 min of cyclic strain. At concentrations that had decreased DCFH oxidation in the cell, antioxidants (ebselen, NAC, DIDS and DDC) also inhibited the strain-induced activation of NF-κB (Fig. 3b) . By contrast, neither apocynin (an inhibitor of neutrophil NADPH oxidase) nor allopurinol (an inhibitor of xanthine oxidase) attenuated the NF-κB response to strain.
The effects of cyclic strain on NF-κB activation were also evaluated in respiration-deficient HUVEC ρ 0 cells (Fig. 3c) . Unlike WT cells, ρ 0 cells failed to activate DNA binding of NF-κB in response to strain. More prolonged straining regimens lasting 30, 60 or 120 min also failed to increase in NF-κB activity in the ρ 0 cells, indicating that the response was not merely delayed. These cells also failed to respond to antimycin A. However, the ρ 0 cells were still capable of activating the p65/p50
heterodimer in response to LPS, which can activate NF-κB by an ROS-independent pathway (5). To further confirm that ρ 0 cells retained the capacity to respond to an ROS signal, these cells were treated were assessed for changes VCAM-1 mRNA over several hours (Fig. 4a ). Basal expression of VCAM-1 mRNA was low in unstrained endothelium, but strain-induced increases were observed within 3 hrs.
This response peaked near 6 hrs and remained high until the strain was removed (data not shown).
Subsequent experiments therefore were conducted for a period of 6 hrs.
To determine whether mitochondrial ROS released in response to strain were required for this response, studies were carried out using rotenone and antimycin A ( These results suggest that changes in mRNA levels are the result of superoxide generated by the mitochondria in the response to mechanical strain.
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To further clarify the role of mitochondrial ROS generation in the increase in VCAM-1 mRNA, experiments were conducted in ρ 0 HUVEC. Unlike the WT HUVEC, six hrs of strain produced no significant increase in the mRNA message in ρ 0 HUVEC (Fig. 4d) . Similarly, the ρ 0 HUVEC failed to increase mRNA expression of VCAM-1 in response to antimycin A treatment. However, they did retain the ability to augment VCAM-1 mRNA message in response to LPS, indicating that transcriptional activation by non-ROS pathways was intact. The findings indicate that ρ 0 HUVEC fail to increase VCAM-1 mRNA in response to strain due to the lack of a mitochondrial electron transport system rather than to a general signaling defect.
CAM Surface Expression During Strain.
To further test the physiological significance of straininduced mitochondrial ROS signaling, CAM cell surface expression was measured in response to mechanical strain. In strained cells, VCAM-1 cell surface expression increased by 5.5 fold over six hrs (Fig. 5a ). This increase was attenuated by rotenone and by DPI, but not by allopurinol or apocynin. In unstrained HUVEC, cell surface expression of VCAM-1 was also increased in by antimycin A and by LPS treatment. The VCAM-1 response to strain was attenuated by the antioxidants ebselen, NAC, DDC and by the anion channel inhibitor DIDS when used at the same concentrations that attenuated oxidant signaling (Fig. 5b) . VCAM-1 cell surface expression in unstrained cells was moderately increased when NOS activity was inhibited with L-NA (unstrained + L-NA: 26 ± 4). However, in the presence of L-NA, strained HUVEC did not have a higher VCAM-1 expression than in those subjected to strain alone (strained + L-NA: 61 ± 11; p > 0.2). Other cell adhesion molecules were also examined including E-selectin, which increased cell surface expression 3.1-fold in response to cyclic strain (unstrained: 15 ± 4; strained: 46 ± 7), and ICAM-1 where cell surface expression was 2.2 fold higher (unstrained: 38 ± 7; strained: 84 ± 13) (data not shown). Again, the increases in CAM expression in response to cyclic strain were attenuated by rotenone or ebselen, but were unresponsive/mildly Mitochondrial role in mechanotransduction, page 16 increased in response to L-NA (data not shown). These results indicate that strain-induced mitochondrial ROS are capable of stimulating CAM expression at the cell surface in HUVEC.
To further explore the effects of mitochondrial ROS on CAM expression, flow cytometry was conducted on ρ 0 HUVEC (Fig. 5c ). The increase in VCAM-1 cell surface expression during strain was attenuated in ρ 0 HUVEC, compared with WT cells. The mild increase that was observed was not blocked by the inhibitors rotenone or DPI, or by the antioxidants ebselen, NAC, DDC or DIDS. To evaluate the role of the tubulin cytoskeleton in strain-induced ROS signaling, confluent cells were treated with varying concentrations of nocodazole in order to block microtubule polymerization.
In HUVEC monolayers pretreated with nocodazole (10 µg/ml), the oxidation of DCFH in response to strain or antimycin A was not significantly altered, but the signal was attenuated by rotenone (Fig. 6b) . The functional consequences of strain-induced mitochondrial ROS generation were assessed in HUVEC in terms of their involvement in the activation of NF-κB. Previous studies have shown that exogenous oxidants can activate NF-κB and trigger subsequent transcription (6) . However, our results
Discussion
show that strain can activate a similar response by triggering ROS production from mitochondria. We found that DNA binding of NF-κB p50/p65 heterodimer was increased by cyclic strain, and that this increase was abrogated by inhibitors of the proximal region of the mitochondrial electron transport chain or by antioxidants. By contrast, no inhibition was seen with inhibitors of the NAD(P)H oxidase system or of xanthine oxidase. The activation by strain was mimicked by antimycin A treatment in unstrained cells, indicating that increases in mitochondrial ROS are sufficient to activate this response.
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Finally, the responses to strain or antimycin A were abolished in ρ 0 HUVEC that lack a mitochondrial electron transport chain and are therefore incapable of generating ROS from that system. The absence of a response in these cells could not be attributed to non-specific effects, since these cells could still activate NF-κB in response to LPS or exogenous H 2 O 2 . Collectively these findings indicate that ROS generated from the mitochondrial electron transport chain are capable of activating NF-κB in cells subjected to cyclic strain.
The data obtained from ρ 0 HUVEC add additional evidence that the mitochondrial ROS production during cyclic strain is important in mediating activation of NF-κB and upregulation of VCAM-1 expression. In these cells, antimycin A did not increase ROS generation and subsequent NF-κB and VCAM-1 expression; however, these cells did retain the functional ability to activate these signaling pathways in response to LPS, which utilizes proinflammatory signaling pathways that are capable of activating NF-κB independently of mitochondrial ROS (16) . These mitochondria-deficient cells complement the findings of the pharmacological inhibitors of ROS production. Moreover, the observation that these cells retained the ability to respond to LPS stimulation indicates that these cells are not metabolically incapable of activating the signaling pathways studied in these experiments.
While the ρ 0 cells serve as a useful adjunct to the pharmacologic agents used in these studies, a targeted genetic disruption of a critical component of the mitochondrial electron transport chain would be a more specific approach to attempt in subsequent studies.
The triggering of transcription in response to this NF-κB activation was evaluated in terms of Consistent with this interpretation is the observation that the pharmacological inhibitors of electron transport, rotenone and antimycin A, had diametrically opposite effects on NF-κB activation and mRNA expression, yet these compounds both inhibit mitochondrial electron transport.
When a cell is subjected to mechanical distortion, a signaling sequence is initiated that leads to the functional response to strain. Early signaling events such as NF-kB activation and the appearance of mRNA message for target genes should occur before events such as VCAM-1 expression that require protein synthesis and transport to the cell surface. To the extent that downstream functional responses are triggered by ROS from mitochondria, then the ROS signal should be the earliest to appear. In this study, DCF fluorescence was measured at 6 hrs, yet other responses were sampled before that time. However, this does not indicate that the oxidant signal followed temporally the downstream responses. The DCF fluorescence reflects the accumulation of oxidized probe in the cell over time, which is a function of its rate of oxidation and the duration of accumulation. It is reasonable to assume that the rate of oxidant production begins to increase as soon as the stretch begins, even though some time may be required to accumulate sufficient oxidized probe to detect. In preliminary studies, we detected increases in DCFH oxidation as early as 15 min into strain, indicating that the initiating signal was present at an early time point. With continued strain, DCF fluorescence continued to increase, resulting in a larger value at 6 hr, so this was the time point selected for analysis.
Other studies were carried out to examine the involvement of the actin cytoskeleton in Our studies suggest that an intact actin cytoskeleton is required for the induction of other transcriptional systems during cyclic strain. However, the underlying biophysical process by which force transmitted through the cytoskeleton might lead to an increase in mitochondrial ROS signaling is not known. Although cytoskeletal disruption did not impair the ability of the mitochondria to increase ROS signaling, it is still possible that the connection between integrins and the mitochondria involves a signaling system activated at the integrin receptors such as G proteins (38). Future studies are needed
Mitochondrial role in mechanotransduction, page 24 to fully clarify the relationships among different signaling pathways activated by mechanical strain in cells, and the role of the cytoskeleton in these pathways.
The lung parenchyma and its blood vessels normally experience cyclic strain during tidal ventilation. In patients with acute hypoxic respiratory failure treated with mechanical ventilation involving high tidal volumes and PEEP, the magnitude of that strain may be increased. These patients exhibit higher mortality, they require a more prolonged period of ventilatory support, and they exhibit increased circulating levels of cytokines (3). Hence, excessive lung stretch may initiate an inflammatory cascade that contributes to the pre-existing lung injury and triggers the release of inflammatory mediators that could potentially affect other organ systems. Our study identifies a possible molecular mechanism for that condition, whereby excessive stretch elicits an increase in 
